Traditional fabrication methods for the integrated circuit (IC) and the microelectromechanical systems (MEMS) industries have been developed primarily for two-dimensional fabrication on planar surfaces. More recently, commercial electronics are expeditiously emerging with non-planar displays and rapid prototype machines can be purchased for the price of a modern laptop. While electrospinning (ES) has been in existence for over 100 years, this fabrication method has not been adequately developed for commercial fabrication of electronics or the rapid prototyping industries. ES provides many benefits as a fabrication method including tunability of fiber size and affordable hardware. To realize the full potential of ES as a commonplace fabrication method for modern devices, precise control, real-time fiber morphology monitoring, and the creation of a comprehensive databank of accurate models for prediction is essential. The aim of this research is to accomplish these goals through several avenues. To improve fiber deposition control, both passive and active methods are employed to modify electric field lines during the ES process. COMSOL models have been developed to meticulously mimic experimental results for predictive planning, and an in situ laser diagnostic tool was developed to measure real-time fiber morphology during electrospinning. Further, post-processing data was generated through the use of two-dimensional fast Fourier transform (2D-FFT) to monitor alignment, and four-point conductivity measurements were taken via four independently-positioned micromanipulator probes. This article describes the devices developed to date, the a priori modeling approach taken, and resultant capabilities which complement ES as an attractive fabrication method for the electronic and photonic industry.
INTRODUCTION
Manufacturing science and methods are central to the progression of technology. Micromachining of polysilicon surfaces enables mass production of micro and nanoscale systems alone or integrated with microelectronic systems. The electrospinning (ES) tool is a versatile manufacturing tool that can consistently produce fibers in the nano-to micro-scale size range that are otherwise difficult to achieve using other techniques. The technical interest and broad impact of novel electrospinning methods and materials include enhanced filtration, [1] [2] [3] [4] augmented biomedical tissue regeneration, [5] [6] and advanced fabrication of liquid crystal polarizers. ES involves the delivery of a liquid polymer to a spinneret (or capillary) that is held at a high voltage relative to a collection plate. [8] [9] [10] Fiber size depends largely on solution flow rate, supplied electric current, and fluid surface tension. [11] [12] ES was first observed in 1897 by Rayleigh, with related electrospraying studied in detail in 1914 13 and a patent issued to Antonin Formhals in 1934. 14 In 1969, the published work of Taylor 15 set the foundation for electrospinning. Although electrospinning is the common term today, it was initially described by Formhals in a series of patents as an experimental setup for the production of polymer filaments using electrostatic force. The first patent filed by Formhals in 1934 on electrospinning was issued for the production of textile yarns, with a process consisting of a movable thread collecting device that gathered threads in a stretched condition. He was granted related patents in 1938, 1939, and 1940. 16 ES is driven by electrostatic forces developed between the collection plate and the exposed surface of the polymer. Given the time scales associated with fiber deposition by ES, charges on the metallic collection plate move instantaneously. Motion of charge in the polymer (much slower than motion of charge in metals) is dictated by ionic mobility in the polymer. 17 Any effort to control the electric field within ES must take into account the highfrequency cutoff enforced by polymer limitations. The low-frequency cut-off for dynamic field control relates to the spatial fiber deposition rate and time constants associated with the instability region. The short region (microns to millimeters) where the fiber is essentially straight is typically referred to as the stable region. At the point where lateral perturbations cause transverse fiber velocities, the instability region starts. It is this instability region that has created so much difficulty in precise fiber control for far-field ES. 18 Our intention is to eliminate (as much as is possible) the issue of instability and unpredictability of fiber deposition in order to promote ES as a commonplace fabrication method in the rapid prototyping industry and manufacturing fields in general. The body of this article describes the progress we have made in active fiber alignment control during deposition and use of passive aperture plates to manipulate electric fields for coating complex, non-planar surfaces. In addition, we use COMSOL models to predict fiber path and deposition, utilize two dimensional fast Fourier transform (2D-FFT) to quantify alignment, employ four-point micromanipulator probes to measure conductivity, and developed a laser diagnostic tool (LaD) which provides real-time fiber morphology data as recorded in situ.
Fiber alignment control is desirable on many fronts and has been attempted through multiple avenues including rotating collector drums, [19] [20] counter electrodes, [21] [22] [23] and parallel auxiliary electrodes behind the target. 24 Variations of the latter include deposition in the gap between electrodes, 25 and moreover, deposition in the gap between collecting rings. 26 In biological applications, several cell types have demonstrated a preference for collective and directional growth on aligned ES fibers 27 for the achievement of high-modulus, high-strength fibers which may be used for novel applications, such as heatresistant and protective clothing. [29] [30] Further, crystal properties of polymers are also manipulated through alignment. 31 In our labs, fiber alignment was achieved through the utilization of auxiliary electrodes (See Fig. 1A and 1B). Alignment between electrodes is facilitated by a high voltage commutator with direct current (DC) motorcontrolled frequency. The commutator delivers a square-wave voltage signal to the electrodes thereby maximizing potential between electrodes while minimizing the possibility that the electrical potential would drop below the critical voltage needed to sustain ES. Voltage is emphasized at one electrode, thereby initiating fiber deposition to that electrode. When voltage is quickly switched to the other electrode, fibers are deposited across a glass slide toward the other electrode, initiating an aligned pattern on the deposition slide (See Fig. 1C ).
While there have been multiple attempts to actively manipulate fiber deposition, there is little information regarding passive manipulation of the electric field present in the electrospinning process. Deitzel et al. 32 investigated the use of a lens element to change the macroscopic electric field from the point of jet initiation to the collection target. Such control over the electric field was meant to dampen or eliminate the chaotic motion 17 the material exhibits as it travels from syringe (or capillary) to collector plate, forming fibers. By eliminating this instability, it was suggested that better control over the deposited fibers would result. The lens element used in this research consisted of eight copper rings, connected in series and supplied with a positive voltage, and separation distance was 20 cm from syringe tip to collection plate. The apparatus successfully dampened the bending instability through control of the shape and strength of the electric field present in the electrospinner. Other successes in manipulation of the electrospinning electric field have been documented. These investigations, as well as Deitzel et al. ' s, take advantage of repulsive coulombic forces to manipulate the flight path. The introduction of a negatively charged bar has been shown to redirect fibers, 33 and electrode rods have been introduced in parallel to create an auxiliary electric field to manipulate solution flight path. 34 Alternating charge between electrodes has been shown to allow aligned fiber deposition, 35 and cylindrical auxiliary electrodes have been applied to multi-spinneret ES equipment to reduce deposition area . 36 The method of fiber control we use involves minimizing fiber instability by spatially "squeezing" the field lines with a passive electric-field-shielding aperture. In our investigations, a circular acrylic plate with a rectangular aperture was used to minimize horizontal instabilities to one in-plane dimension, while a circular aperture was used to confine the deposition area dimensions. Given previous results showing that fiber deposition follows the field strength spot size, 37 it was hypothesized that fiber deposition will be preferentially guided through the aperture plate. Such a passive means of confining the electric field was demonstrated to reduce the spot size of the resulting fiber deposition.
In addition to active manipulation of fiber assembly through active (commutator controlled auxiliary electrodes) and passive (electric-fieldshielding aperture) manipulation of the electric field, investigations in our labs have focused on the combination of these methods (See Fig. 2 ). Active field control on collection electrodes can be matched with the fiber velocities (~1 m/s) to accurately deposit a single fiber along a predefined path. In other words, the aperture plate has been used to spatially define fiber deposition with active electrodes used to provide alignment within the predefined aperture opening. Subsequent inplane motion of the aperture plate can be used to deposit oriented fibers over a large surface area.
Fiber alignment control is required to enable ES to be realized as a commonplace technique in rapid prototyping. This goal remains obscure to the masses without a proper data set to reference. In our labs, we take an a priori approach to the ES process whereby our goal is to reduce trials and enhance predictability of ES outcomes. Using COMSOL Multiphysics software, we use modeling to complement ES fabrication (See Fig.  3 ). These COMSOL models are established through an iterative process of comparing modeling results to experimental results and then refining computational models to improve accuracy. Such data can eventually be made available to the broad scientific community to predictively control ES parameters needed for specific applications. 38 Kumar et al. used COMSOL Multiphysics software to create a two-dimensional (2D) model of the electrospinning apparatus to simulate the electric field lines during electrospinning of multi-needle and multi-fiber plastic filter arrangements. 49 Yarin et al. 40 also used COMSOL Multiphysics to study the Taylor cone and jetting. From this result, they presented a theoretical model for the shape of the liquid on the tip of the nozzle and how it is affected by the electric field. COMSOL models developed in our labs serve as the foundation from which we can predict the ES parameters needed to achieve a desired outcome. Field strength for a fixed elevation with varying voltages between 8 kV to 15 kV is shown in Fig. 3 .
COMSOL modeling is used in our labs to predict fiber deposition prior to the ES process. After fiber deposition, fiber morphology and electronic properties are characterized via two methods: 1) two-dimensional fast Fourier transform and 2) four-point probe electronic measurements. The first of these, two-dimensional fast Fourier transform (2D-FFT), 41 is a powerful and facile method for the quantification of spatial alignment (See Fig. 4 ). The methodology used in 2D-FFT analysis elucidates alignment manipulation by specific parameters used in the electrospinning process. Ayres et al. 42 developed a simple technique to evaluate micrographs using pre-existing software in ImageJ (NIH, http://rsb.info.nih.gov/ij). ImageJ uses a fast Hartley transform to convert spatial frequency information in a micrograph to a frequency plot that is representative of the original image. Each point in the frequency plot corresponds to a combination of spatial frequencies in the x and y dimensions of the original image; the greater the distance the point is from the origin the greater the corresponding spatial frequency (See Fig.  4 ). The spatial frequencies of interest are located in the small frequency region around the origin. Through the study of this small frequency region, the alignment value is determined. To characterized the electronic properties of fibers, four micromanipulator probes are placed sequentially along the length of the fiber at constant pitch. 43 Current between the first and fourth probes is initiated creating a voltage differential between the second and third probes. This data is logged by a current meter and then subsequently analyzed by MATLAB script. This process is repeated multiple times and averaged in MATLAB where values are used to calculate resistivity. Because conductivity is inversely related to resistivity, final data plots show conductivity potential of different sized fibers.
Finally, we report the development of a laser diagnostic (LaD) tool used for real-time fiber morphology characterization (See Fig. 5 ). The novel capabilities of this device allow the user to monitor fiber-morphology as fibers are being created. Current methods of electrospun fiber analysis include: TEM, 44 SEM, 44 Raman Spectroscopy, 45 and high speed imaging. 46 These methods typically require expensive equipment and upkeep and require post processing of samples prior to analysis. The theory behind LaD is consistent with the premise that, through the use of the Beer-Lambert law, and theory of Rayleigh scattering, fiber deposition concentration and size will be able to be monitored during the electrospinning process. The Beer-Lambert law has been used to measure soot volume fraction in combustion reactions. [47] [48] [49] A variation of this method is required for use in the ES process. During the electrospinning process, high voltages are used to create the electrostatic forces that draw the small diameter fibers from the capillary. High voltage requires proper safety measures, such as interlocks which remove the high-voltage source when the door on the electrospinner is opened. To gather the required data concerning the scattering of the laser light, an isolated instrument is needed to operate within the electrospinner without disrupting the ES process. LaD was designed to use a linear stage in combination with a 650 nm wavelength laser, a photodiode, and tunable circuitry that filters the incoming data and Figure 5 . Schematic of LaD designed to be installed in our SprayBase electrospinning unit. LaD was designed to provide an economically feasible alternative to expensive characterization methods that can only be utilized post-ES and require timeconsuming post-processing routines. Through the use of the BeerLambert law and theory of Rayleigh scattering, the intention of LaD is to monitor real-time fiber morphology and deposition characteristics during ES process using a laser sensing component.
reports values to a computer via a USB virtual serial port. The LaD tool combined with COMSOL modeling, postprocessing validation, and active and passive methods for fiber deposition provides a powerful platform for the potential of ES as an economically feasible and effective fabrication method. These methods and devices are described, along with the results amassed thus far, and our conclusions to date.
METHODS

1.
Active fiber alignment via high voltage commutator with DC motor-controlled frequency
Fabrication of Squarewave Generator
A squarewave generator (See Fig. 6 ), was fabricated by combining custom rapidprototyped hardware with electrical driving circuitry. The frequency range of the squarewave generator was determined using an oscilloscope and was found to be approximately 10-140 Hz. The generator was also tested for its maximum allowable voltage before the onset of electrical breakdown between contact electrodes on the generator.
Operation of the Squarewave Generator
The squarewave generator has four contact points: two points for receiving voltage and two points at which the squarewaves are generated. Two power supplies are connected to the squarewave generator on diagonally opposing contacts. Two electrodes in the electrospinning chamber are then connected to the remaining two electrodes. The DC motor circuit used to drive the squarewave generator wheel is then energized, and high voltage is turned on. The two high voltage power supplies are maintained at a near constant differential, while not exceeding electrical breakdown potential. Control of voltage and current supplied to the DC motor is used to modulate the frequency of the squarewave signal.
Controlling electric field distribution with passive field control
Acrylic (ε ≅ 3.0) was used initially to form simple aperture plates with both circular and rectangular apertures (See Fig. 7 ). As shown in Figure  7 , acrylic plates were fashioned with rectangular apertures of 2 mm, 4 mm, and 5 mm width. Plates were constructed using a CO 2 laser cutter. During electrospinning, height of the aperture plate was set at various heights and the following aperture parameters were systematically studied both numerically via simulations and experimentally via fiber deposition based on the following parameters (1) material thickness, (2) orifice size/shape, and (3) plate elevation. Fig. 10 shows simulation field vector plots and resultant fibers deposited with aperture field squeezing. A relationship between the electrostatic force acting on the fiber and the resulting position on the collection plate were developed to add predictive models to our growing database.
Active and passive fiber alignment via active and passive methods
Utilizing the methods of both section 1 and 2 under "Methods" of this article, our researchers have employed the use of both of these approaches to further control aligned fibers into a confined space. As stated in sections 1 and 2 under "Methods," a square wave generator was used to initiate alignment, and acrylic aperture plates were set at various heights from the collection plate for study and model generation.
COMSOL multiphysics modeling
The model definition used included a simulation sphere with a 20 cm diameter, designed to encompass the capillary and collection plate. 37 Capillary length and diameter were 3 cm and 1 mm, respectively, and the collection plate was designed to be 10 cm diameter. These dimensions were set to mimic the experimental ES set-up used to verify the accuracy of the developed models. Outside of the simulation sphere, the surrounding environment was assumed to be air. Charge densities of the materials are assumed to be zero to assert that static electric fields are irrotational. Modeling assumed a steady-state condition where the field was electrostatic.
COMSOL Multiphysics simulation sphere utilized Gauss' law of electrostatics given by:
and =
The electrostatic force was calculated using Equation 3:
where A is the area of the collection plate, V is the applied voltage, d is the separation distance between the capillary and the collection plate. The above equation can be analyzed in terms of a differential force over a differential area, as shown in Fig. 8 . Complete model derivation was published by Beisel et al. Integrating the differential force with respect to the differential area, with the assumption that the electric field is not a function of radius yields the following function for F es :
Matching the simulation data for electrostatic field strength from COMSOL with a parabolic curve gives the following quadratic equation for the shape function:
Field symmetry was implied by the potential boundary condition and the Neumann type boundary (δV/δn = 0) was assigned to the symmetry plane. The Dirichlet type (V = 0) boundary condition was assigned to the exterior surfaces of the simulation sphere, and a static potential was applied to the surface of the capillary and the surface of the collection plate. Applied voltage potential is within the range of potentials employed during ES. The simulation sphere was separated into a finite quantity of smaller, tetrahedral volumes, and within each, a polynomial approximation is calculated; regions of greater change are assigned a denser mesh. MATLAB script was used to extract the modeled field intensities generated at a distance of 1.0 mm above the collection plate. Subsequently, a best fit quadratic curve was calculated with parameters of a, b, and c serving as fitting parameters. The quadratic curve interpolated the field intensity at a radius of 1.25 cm from the capillary and allowed for examination of the field at a constant radius. An electrostatic force was also determined at the fixed radius. The MATLAB script used employed an iterative approach to solve for the radius and electrostatic field strength at a constant electrostatic force.
Alignment quantification via two-dimensional fast Fourier transform analysis as evaluated in ImageJ
Image Collection
Images used for assessment of alignment are typically collected on scanning electron microscopy (SEM). Samples are taped to aluminum stubs using double-sided carbon tape and then gold coated for 3 minutes prior to evaluation under SEM.
ImageJ Evaluation using Fast-Fourier Transform Algorithm
Protocols modified from C. Ayres et al. 42 Scanning electron micrographs were converted to greyscale and resized so that dimensions were a power of 2 (256x256, 512x512). Fiji, a version of ImageJ (http://rsb.info.nih.gov/ij), was then used to convert the images into spatial frequency plots using the FFT plugin (http://rsb.info.nih.gov/ij/plugins/fft.html, program authored by Wayne Rasband). Circular areas were chosen around the origin of the spatial frequency plot. The Oval Profile Plot plugin (http://rsbweb.nih.gov/ij/plugins/ovalprofile.html, program authored by Bill O'Connell) was then used to calculate radial sums of the circular area. Radial sum data was processed (using eq. 6) in order to generate FFT Alignment values for each image or micrograph. Multiple images from each mat were processed, and the alignment values averaged to quantify the total FFT Alignment value for the entire fiber mat.
Four-point probe conductivity measurements
Initially, multiple mixtures of 14k MW, atactic polypropylene and non-functionalized, thermally exfoliated nanographene platelets (PP/G) were produced at 4.2, 4.5, 4.7, 5.0, 6.5 wt% to determine bulk resistivity of these materials. Lowest resistivity/highest conductivity was measured with 4.5 wt% PP/G. Melt ES was then employed to create fibers from this material. After allowing the melt ES tool to heat up to approximately 150ºC, the collection plate was charged to 12kV and separation distance between the needle and collection plate was held at 4 cm during fiber deposition. Final PP/G 4.5 wt% fibers were 200 to 600 µm in diameter and were black in color. Four point probes were placed along the length of the fiber at 500 µm intervals (See Fig. 9 ). Current was scanned from -5mA to 5mA between the first and fourth probes, and the associated voltage drop between the second and third probes was measured. Current-voltage data were recorded digitally and subsequently analyzed via MATLAB script to determine resistivity within the fiber. Five measurements were taken at each driving current. Current between probes one and four was assumed to be uniformly spread throughout the transverse cross-section of the fiber; and therefore, no spatial correction factors were used when converting extrinsic current-voltage data to intrinsic resistivity.
7.
In situ measurements via laser diagnostic tool (LaD)
LaD Fabrication
The laser diagnostic (LaD) tool was created to measure light transmission through the electrospinning field of deposition. LaD was fabricated using additive manufacturing. PLA plastic was used to create electrical isolation between LaD hardware and the electrostatic field used for electrospinning. The linear stage utilized a ¼ inch diameter, 20 threads per inch threaded drive shaft with two guide rails to stabilize the laser/sensor assembly. A continuous rotation servo motor with a torque of 38 oz-in was attached to the drive shaft. Limit switches detected laser location to halt the sensor the edge of the electrospinner collection plate. The laser scans for a distance defined by the user. LaD is powered with a voltage supply that is capable of ±12 V, 5 V, and 3.3 V DC outputs. A 15-pin connector was utilized to connect the linear stage to the control unit to provide the ability to mount the linear stage within the electrospinner while keeping the control unit outside the electrospinner. The signal voltage is filtered with a tunable active-low-pass filter. Noise mitigation is critical with this procedure, since the signal voltages range in the tens of millivolts. In our system, the corner frequency used was 1.7 Hz.
The device configuration is customizable to fit within an electrospinning apparatus. The LaD fabricated in our labs was made unique for our SprayBase® electrospinner. The programming of the LaD prompts the user to input: the distance that is to be scanned by the laser; the number of voltage readings per step; and whether or not the data is to be recorded into a separate file. After scanning is performed, the user is asked to input the first and last deflection points based on a plot of the voltage and if the user would like to repeat the process with different parameters. Based on the user inputs, a microcontroller moves the linear stage, collects signal voltage data with a ten bit analog to digital converter, and reports the signal voltages to a computer. Further calculations require that the sample is segmented into concentric layers (analogous to the layers of an onion), and the extinction coefficient for each layer be calculated. The collected data is sent to a MATLAB script to complete the deconvolution onion-peeling method. 50 Figure 9 . A) Four-point micromanipulator probe set-up. Probes were set at four separate locations with a uniform pitch of approximately 500 µm. This configuration allowed for current to be passed from the first to fourth probe while voltage drop was measured between the second and third probe. These values were averaged and converted to resistivity values using MATLAB script. B) Optical micrograph showing the four-point, micromanipulator probes in contact with a 4.5 wt% PP/G fiber. 
Soot Volume Fraction Verification
LaD is based on soot volume fraction [48] [49] which utilizes Rayleigh scattering and the Beer-Lambert law to determine the amount of soot that is produced from a combustion reaction. To verify the operation of LaD, a tea-candle was placed within the field scanned by the laser. The scanning step size is approximately 2 mm per step, with 15 voltage measurements per step. By reducing the air flow around the candle, the flame was reasonably stabilized for the measurement process.
Electrospinning Experimentation
After operation of the stage was verified with soot volume fraction measurements, the LaD was fitted into the SprayBase® electrospinner. ES was performed using 4 wt% poly (vinyl) alcohol and forced to the ES needle by a pneumatic pump system set to 0.027 bar. Needle to collector plate distance was 4 cm. ES was initiated by a voltage of 10.5 kV, and ES was maintained throughout the LaD signal detection process. LaD laser collects signal intensities by running parallel to the collector plate. At ten separate locations from one end of the collector plate to the other, the laser sensor collected signal intensities. At each location, 15 measurements were taken and averaged in a MATLAB script designed for the LaD system.
RESULTS
Fiber alignment mediated by high voltage commutator with DC motor-controlled frequency and 2D-FFT image analysis via ImageJ
Using the squarewave commutator inputs described in the "Methods" section of this document, 8 wt% poly (vinyl) alcohol was electrospun onto a glass slide. In absence of the commutator, 9 wt% polycaprolactone was also electrospun onto a glass slide for comparison. Prior to SEM analysis, it is assumed the commutator would align fibers during deposition in the ES. Slides were then subject to gold coating and secured to an aluminum stub with copper tape prior to analysis under scanning electron microscopy. Using 2D-FFT methods described in this document, resultant micrographs were analyzed for alignment. Fig. 10 shows alignment results using the fibers and processed FFT data shown in Fig. 4 . Results show that the commutator aligned fibers to a much greater extent than those fibers spun onto a glass slide in absence of the commutator. Peaks in alignment values at 120 and 300 indicate preferential fiber alignment along one primary axis. .w,.uungplll111111W ``````"' wit/mat/tun maimmm.
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Electrospinning deposition modified by passive aperture interference: Predictions via COMSOL modeling compared to experimental results
Prior to ES of fibers through the acrylic aperture plate, predictions were made using COMSOL Multiphysics. Models generated predict preferential deposition through the aperture opening (See Fig. 11.A and 11B. ).
Our SprayBase electrospinner was outfitted with an acrylic plate that contained a 5 mm wide aperture (See Fig. 11 .C). The aperture plate was set at 3 cm above the collection plate, and the ES needle was held 1 cm above the aperture plate. Poly (vinyl) alcohol mixed at 8 wt% was extruded through the needle at 0.3 mL/hour and voltage ranged from 14.6 to 16.2 kV during the ES process. Results demonstrate preferential deposition through the aperture opening (See Fig. 11.D) .
3.
Conductivity of fibers measured via four-point probe Fiber conductivity measurements were taken from the PP/G composite material whose bulk properties demonstrated the greatest potential for conductance. The material determined to be most promising was 4.5 wt% PP/G. This material was then deposed via melt ES on to a glass slide, and four-point conductivity measurements were taken via four separate micromanipulator probes with tungsten needles. The data collected from the four-point probe measurements were analyzed by MATLAB script to average multiple data sets and then used to plot the Data Collection Points from Left to Right, Parallel to Aperture Plate results from the current and voltage measurements. Fig. 12 shows the current vs. voltage (I-V) curve for fibers with nominal diameters of 320 µm, 420 µm, and 620 µm. Resistance of the fiber is a function of the cross-sectional area; and therefore as the cross-sectional area increases, the resistance will decrease. The trend of decreasing resistance with fiber diameter is expected as shown in Fig. 12 .A because the slope of the graph is inversely related to the resistance. Electronic measurements indicate semiconducting behavior given the non-linear relationship between current and voltage. The data collected was then processed via MATLAB script to create resistivity vs. voltage data. Fig. 12 .B shows resistivity measurements vs. applied voltage for nominal fiber diameters of 320 µm, 420 µm, and 620 µm. As resistivity is an intrinsic material property, resistivity data would be ideally constant across various fiber diameters. The calculated resistivity results from the analyzed data shown in Fig. 12 indicate similar resistivity values with a slight variation from fiber to fiber. This variation in resistivity is attributed to non-homogenous distribution of graphene in the polypropylene and non-circular cross-sections in the actual fibers. Nonetheless, the results presented here indicate similar resistivities across multiple fibers and allows calculation of extrinsic resistivity for electronic applications.
4.
In situ measurements via laser diagnostic (LaD) tool ES was performed with poly (vinyl) alcohol mixed to a concentration of 4 wt%. Poly (vinyl) alcohol was extruded using a pneumatic pump set at a pressure of 0.027 bar. To initiate electrospinning, voltage was set to 10.5 kV, and ES was maintained through the duration of LaD scanning. During ES, LaD sensor was run parallel to the collector plate and from one end to the other end of the collector plate. At each of ten separate locations from one end of the collector plate to the other, 15 signal intensities are recorded and averaged (See Fig. 13 ). Results show a decrease in signal intensity at the point where the laser is incident on depositing fibers. The use of this signal modulated via scattering is significant in that both the fiber size and amount of time the fiber exists in the optical field of the laser sensor are measureable. Further calibration and experimentation will be used to explore the limits of scattering methods for real-time electrospinning measurement and control.
CONCLUDING REMARKS
We have demonstrated the use of a combination of active and passive electrostatic field control to enable morphology control of polymer-based fibers. The alignment of these fibers was quantified via 2D-FFT of SEM micrographs. Further doping of PP with graphene imparted conductivity in resultant polymer fibers. These fibers exhibited non-linear I-V response when measured with a four-point conductivity probe to remove the effect of contact resistance. Laser scattering was demonstrated to provide a quantifiable signal during active electrospinning and hold immense promise for active morphology and process control across the broad current and future applications of ES-fabricated fibers. Figure 13 . Signal intensity plot generated by LaD and analyzed in MATLAB script designed for our LaD system. Measurements were taken at 10 locations parallel to the collector plate in sets of 15 replicates. Replicate values were averaged in MATLAB and plotted. Results show an observable drop in intensity as the sensor passed through the fibers being electrospun.
The future of electrospinning technology is vastly promising with the advancement of tools to predict, monitor, and characterize the quality of products produced using this economically feasible and easily tunable fabrication method. Mitigation of fiber instability during ES and modification of ES hardware to allow for coating of complex surfaces ensures infinite capacity of its applications. We are working to refine the ES process to enable enhanced control of fiber deposition and morphology. Models and data generated from our research can be used for future manufacturing endeavors relevant to the electronics and photonics industry. Through the use of inexpensive hardware and cheap materials, ES can create nanoscale sensors, supplement photovoltaic cells, produce minimally invasive drug-delivery devices, and be used for pattern transfer for nano-and micro-scale devices. We are exploring each one of these applications. Our hope is for this research to serve as a driving force in the understanding and application of ES as a broadly-applicable fabrication method.
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